Classical feed-forward inhibition involves an excitation-inhibition sequence that enhances the temporal precision of neuronal responses by narrowing the window for synaptic integration. In the input layer of the cerebellum, feed-forward inhibition is thought to preserve the temporal fidelity of granule cell spikes during mossy fiber stimulation. Although this classical feed-forward inhibitory circuit has been demonstrated in vitro, the extent to which inhibition shapes granule cell sensory responses in vivo remains unresolved. Here we combined whole-cell patch-clamp recordings in vivo and dynamic clamp recordings in vitro to directly assess the impact of Golgi cell inhibition on sensory information transmission in the granule cell layer of the cerebellum. We show that the majority of granule cells in Crus II of the cerebrocerebellum receive sensoryevoked phasic and spillover inhibition prior to mossy fiber excitation. This preceding inhibition reduces granule cell excitability and sensory-evoked spike precision, but enhances sensory response reproducibility across the granule cell population. Our findings suggest that neighboring granule cells and Golgi cells can receive segregated and functionally distinct mossy fiber inputs, enabling Golgi cells to regulate the size and reproducibility of sensory responses.
Classical feed-forward inhibition involves an excitation-inhibition sequence that enhances the temporal precision of neuronal responses by narrowing the window for synaptic integration. In the input layer of the cerebellum, feed-forward inhibition is thought to preserve the temporal fidelity of granule cell spikes during mossy fiber stimulation. Although this classical feed-forward inhibitory circuit has been demonstrated in vitro, the extent to which inhibition shapes granule cell sensory responses in vivo remains unresolved. Here we combined whole-cell patch-clamp recordings in vivo and dynamic clamp recordings in vitro to directly assess the impact of Golgi cell inhibition on sensory information transmission in the granule cell layer of the cerebellum. We show that the majority of granule cells in Crus II of the cerebrocerebellum receive sensoryevoked phasic and spillover inhibition prior to mossy fiber excitation. This preceding inhibition reduces granule cell excitability and sensory-evoked spike precision, but enhances sensory response reproducibility across the granule cell population. Our findings suggest that neighboring granule cells and Golgi cells can receive segregated and functionally distinct mossy fiber inputs, enabling Golgi cells to regulate the size and reproducibility of sensory responses.
cerebellum | Golgi cells | granule cells | inhibition | synaptic integration C lassical feed-forward inhibition (FFI) involves a sequence of excitation rapidly terminated by inhibition. This temporal sequence narrows the time window for synaptic integration and enforces precise spike timing (1) (2) (3) (4) (5) (6) (7) . FFI is thought to be important for regulating the temporal fidelity of spike responses in many neural systems, including the motor system, where rapid and adaptable changes in muscle activity are essential for coordinated motor control (8) (9) (10) . The cerebellum plays a central role in fine sculpting of movements, and damage to the cerebellum produces severe motor deficits, most notably enhanced temporal variability of voluntary movements (11, 12) . These findings suggest that cerebellar circuits have the ability to preserve precise timing information during behavior (5, 6, 13) , and in vitro studies have shown that feed-forward inhibitory networks in the input layer of the cerebellum provide a mechanism for maintaining the temporal fidelity of information transmission (6, 14, 15) .
Synaptic inhibition in the granule cell layer is generated by Golgi cells, GABAergic interneurons that provide direct inhibitory input to granule cells (6, (15) (16) (17) . The prevailing view is that, when mossy fibers are activated, granule cells receive both monosynaptic excitation and disynaptic FFI from Golgi cells, providing temporally precise inhibitory input that narrows the window for the temporal summation of discrete mossy fiber inputs (6, 14, 18) . This classical excitation-inhibition sequence forms the basis of a variety of contemporary cerebellar models (7, 9, 18, 19) . However, the exact temporal relationship between sensory-evoked excitation and inhibition in granule cells has never been determined in vivo. Here, we combined in vivo whole-cell voltage-clamp recordings from granule cells and in vitro dynamic clamp experiments to investigate both the temporal dynamics of Golgi-cell-mediated inhibition and its importance for shaping sensory responses in the input layer of the cerebellum.
Results

Sensory-Evoked Phasic and Spillover Golgi Cell Inhibition Precedes
Mossy Fiber Excitation in Granule Cells. Cerebellar granule cells receive direct phasic and indirect or "spillover" GABAergic input from Golgi cells (6, 16, 20, 21) . To investigate the temporal dynamics of sensory-evoked inhibition in vivo, we recorded spontaneous and sensory-evoked excitatory (V hold = −70 mV) and inhibitory (V hold = 0 mV) currents from the same granule cells in Crus II (Fig. 1 A-D) . Granule cells were identified based on their characteristic electrophysiological properties (Table S1) , depth from the pial surface (>250 μm), and morphology (Fig.  1B) . To evoke behaviorally relevant somatosensory input, we applied brief air puffs (60 ms) to the whiskers and ipsilateral perioral surface (22, 23) . Sensory stimulation triggered bursts of mossy fiber excitatory postsynaptic currents (EPSCs; 4.9 ± 0.6 events; burst frequency, 104.0 ± 10.3 Hz; burst duration, 54.8 ± 4.0 ms) (23) (24) (25) . The same sensory stimulus also triggered phasic inhibitory postsynaptic currents (IPSCs; 5.6 ± 0.6 events; burst frequency, 65.5 ± 8.8 Hz; burst duration, 93.3 ± 15.1 ms) in the same granule cells (n = 9 of 9 cells) ( Fig. 1 C and D) . Each
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Understanding how synaptic inhibition regulates sensory responses is a fundamental question in neuroscience. In cerebellar granule cells, sensory stimulation is thought to evoke an excitation-inhibition sequence driven by direct input from mossy fibers and followed by classical disynaptic feed-forward inhibition from nearby Golgi cells. We made, to our knowledge, the first voltage-clamp recordings of sensory-evoked inhibition in granule cells in vivo and show that, surprisingly, sensory-evoked inhibition often precedes mossy fiber excitation activated by the same stimulus. We demonstrate how such "preceding" inhibition can shape granule cell responses to sensory stimulation. Our findings challenge the existing view that classical feed-forward inhibition is the dominant mode of inhibition, suggesting that parallel inhibitory networks regulate sensory information transmission through the granular layer.
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This article is a PNAS Direct Submission. To whom correspondence may be addressed. Email: ian.duguid@ed.ac.uk or m.hausser@ ucl.ac.uk. burst of phasic IPSCs was superimposed on a slow, sustained outward current (32.6 ± 4.8 pA; time-to-peak, 22.7 ± 3.5 ms; duration, 308.1 ± 21.4 ms; n = 9; Fig. 1E ), reflecting GABA spillover (21) . Because extrasynaptic δ-subunit-containing GABA A receptors are insensitive to brief synaptic or spillover GABA transients (26) , slow currents are unlikely to reflect changes in the tonic inhibitory conductance (27) . In the majority of granule cells, the onset latencies for phasic and spillover events appeared similar, suggesting that both modes of inhibition are driven by the same mossy fiber input pathways. Moreover, the average phasic and spillover peak conductances scaled linearly and were comparable to the excitatory synaptic conductance measured in the same granule cell (Fig. S1 ). After the short latency excitatory/inhibitory responses in granule cells, we observed a prolonged reduction in spontaneous IPSC rate (duration, 340.0 ± 89.9 ms, n = 6/9 cells), reflecting longlasting pauses in Golgi cell firing after sensory stimulation (28, 29) . Given that Golgi cells fire one or two temporally precise spikes during the onset of sensory stimulation (28, 29)-albeit with variable onset latencies (28, 29) -and that each granule cell receives direct input from at least five to seven Golgi cells (21, 30) , our data are consistent with sensory-evoked inhibition being the result of pooled input from multiple Golgi cells.
To investigate whether evoked IPSCs occurred according to the classical excitation-inhibition sequence (6), we examined the relative timing of EPSCs and IPSCs in the same cell during sensory stimulation. Surprisingly, in the majority of granule cells, the mean onset latency of sensory-evoked inhibition was shorter than the latency of direct mossy fiber input evoked by the same sensory stimulus (IPSC latency, 10.5 ± 1.1 ms; EPSC latency, 14.6 ± 2.2 ms; n = 9), contrary to the expectation for a strictly feed-forward pathway ( Fig. 1 F-I ). This result suggests that sensory-evoked phasic inhibition of granule cells is mediated by Golgi cells activated by a subset of mossy fibers distinct from those providing direct monosynaptic granule cell excitation (i.e., FFI) or disynaptic feed-forward excitation from granule cells (i.e., feedback inhibition) (15, (31) (32) (33) (34) . Importantly, this reversed temporal relationship did not depend on the anesthetic regime used (Fig. S2) . Given that brief stimulation of the upper lip and perioral surface has been shown to generate precise, short-latency (∼7-10 ms) output from Golgi cells (28, 29) and highly variable, longer-latency (∼15-25 ms) excitatory input in granule cells (Fig. 1F ) (23) , our data suggest that some Golgi cells receive direct trigeminal input before neighboring granule cells receiving delayed corticopontine input (35, 36) .
Properties of Golgi Cell Inhibition During Sustained Sensory-Evoked
Mossy Fiber Input. Mossy fiber input to the granule cell layer can occur in short high-frequency bursts (24, 29, 37) or as sustained, time-varying synaptic input (22, (38) (39) (40) , depending on the nature of the stimulus. To investigate whether stimulus duration affects excitatory and inhibitory sensory-evoked burst dynamics in granule cells in Crus II, we recorded EPSCs (V hold = −70 mV) and IPSCs (V hold = 0 mV) during stimuli of 60-, 200-, and 500-ms duration. Lengthening the stimulus duration linearly increased the number of evoked EPSCs (60 ms: 4.9 ± 0.6; 200 ms: 14.9 ± 2.1; 500 ms: 26.0 ± 4.0 EPSCs; P < 0.05, two-way ANOVA with Bonferroni post; n = 9, 8, and 8, respectively) and burst duration (60 ms: 54.8 ± 4.0; 200 ms: 201.3 ± 5.2; 500 ms: 392.5 ± 41.8 ms; P < 0.01, two-way ANOVA with Bonferroni post; n = 9, 8, and 8, respectively), initially evoking a burst of high-frequency mossy fiber synaptic input that rapidly decayed to a sustained input frequency of ∼50 Hz ( Fig. 2 A-D) . Moreover, direct recordings from mossy fiber boutons during sensory stimulation (25) revealed that the patterns of excitatory synaptic input recorded in granule cells directly reflected activity patterns of single presynaptic mossy fiber terminals ( Fig. S3 and Table S2) . Surprisingly, sensory-evoked phasic and spillover inhibition in granule cells were both unaffected by increasing stimulus duration, with the number and frequency of fast IPSCs and duration of slow IPSCs remaining unchanged ( Fig. 2 E-H and Table S2 ). Our results indicate that fast phasic inhibition reliably conveys mossy fiber information at the onset of the sensory stimulus, but only weakly conveys rate-based changes in mossy fiber activity during sustained sensory stimulation. In this regard, sensory-evoked Golgi cell inhibition may represent a timing signal during the onset of sensory stimulation.
Classical FFI in Granule Cells In Vivo. We next examined whether classical FFI was detectable at the level of individual events by simultaneously recording sensory-evoked EPSCs and IPSCs at the intermediate holding potential of −40 mV ( Fig. 3 A and B) (6, 41) . We observed sensory-evoked events with the characteristic biphasic EPSC-IPSC sequence (mean latency of 2.1 ± 0.1 ms; range 1.9-2.1 ms; Fig. 3C ) that is the hallmark of FFI (3, 6) in all cells tested (n = 5). However, the rate of occurrence of sensory- evoked FFI events was low (proportion of FFI events, 18.0 ± 5.1% of total events), comparable to the rate of spontaneous FFI events recorded in granule cells in vivo (23) . Moreover, the probability of observing classical FFI was inversely proportional to the variability in IPSC onset latency across each burst, such that a low probability of FFI was associated with larger variability in IPSC timing (Fig.  3D) . Thus, sensory stimulation can recruit classical feed-forward inhibitory circuits in the granular layer (6, 14) , but with relatively low probability, suggesting the majority of sensory-evoked inhibition in granule cells is mediated via the recruitment of parallel inhibitory circuits that are activated via independent mossy fiber pathways (Fig. S4 ).
Golgi Cell Inhibition Reduces Spike Temporal Fidelity in Granule Cells
In Vivo. Previous in vitro findings suggest that feed-forward Golgi cell inhibition acts to reduce the time window for synaptic integration, enforcing granule cell spike precision (6, 28, 29, 42) .
To assess the impact of Golgi cell inhibition on granule cell spike timing in vivo, we used a dual strategy, combining in vitro dynamic clamp experiments with in vivo intracellular recordings. First, we coinjected simulated trains of mossy fiber inputincorporating frequency-dependent depression (25)-with sensoryevoked inhibition or classical FFI in granule cells in vitro, where the timing and variability of each postsynaptic conductance reflected the EPSC and IPSC onset times measured in vivo ( Fig.  4A ; Materials and Methods). We found that inhibition delivered before (sensory-evoked) or 2 ms after (FFI) excitation significantly reduced the temporal precision of early granule cell responses (P < 0.001, two-way ANOVA with Bonferroni post; n = 10) (Fig. 4 B and C). This result occurs because granule cells require excitatory postsynaptic potential (EPSP) summation during sensory stimulation to generate spiking (24) and Golgi cell inhibitionarriving before or immediately after excitation-suppresses the early response by increasing the number of asynchronous inhibitory events, thus reducing spike probability and increasing jitter. Our in vitro results suggest that Golgi cell inhibition actually reduces the precision of spikes triggered by sensory stimulation. Consistent with this idea, blocking inhibition in vivo with the selective GABA A receptor antagonist gabazine (SR95531) significantly reduced sensory-evoked first spike jitter in granule cells (Fig. 4 D-G; n = 7; P < 0.05, two-way ANOVA with Bonferroni post; SI Materials and Methods).
Golgi Cell Inhibition Regulates Sensory Response Magnitude and
Reproducibility Across Granule Cells. If sensory-evoked Golgi-cell inhibition does not enforce precise spike timing in granule cells, what function does it serve? To address this issue, we examined whether inhibition was important for regulating the magnitude and reproducibility of sensory responses. In this context, magnitude reflects the number of sensory-evoked spikes, whereas reproducibility reflects the average response variability across a population of granule cells. We coinjected simulated trains of mossy fiber input with sensory-evoked inhibition in granule cells in vitro, where the timing and variability of each postsynaptic conductance reflected the EPSC and IPSC onset times measured in vivo ( Fig. 5A ; Materials and Methods). We found that sensory-evoked inhibition reduced overall response magnitude by ∼1 spike [−Inh (sensoryevoked) 3.9 ± 0.1 spikes; +Inh (sensory-evoked) 3.1 ± 0.1 spikes; P = 0.01; n = 10] and shortened the duration of the response [−Inh (sensory-evoked) 42.8 ± 0.8 ms; +Inh (sensory-evoked) 38.1 ± 0.7 ms; P = 0.008; n = 10] (Fig. 5 B-D) , while significantly enhancing response reproducibility across granule cells, as indicated by the reduction in variability in evoked response magnitude [FWHM of Gaussian fit to bootstrap histograms: −Inh (sensory-evoked) 0.29; +Inh (sensory-evoked) 0.12; P = 0.003, F test; Fig. 5C ]. Interburst spike variance (Fig. 5B ) and average spike burst frequencies (Fig.  5E ) remained unaffected. Together, our results demonstrate that Golgi-cell inhibition shapes sensory information transmission in the granule cell layer by reducing the temporal fidelity of spikes during the onset of the sensory-evoked response, in favor of enhancing sensory response reproducibility across the granule cell population.
Discussion
We have used voltage-clamp recordings in vivo and dynamicclamp recordings in vitro to directly assess the impact of inhibitory circuits recruited during sensory information transmission in the granule cell layer of Crus II. We show that Golgi and granule cells within the same local microcircuit receive input via distinct mossy fiber pathways, with excitation often arriving at Golgi cells first, indicating the presence of "parallel" inhibitory networks in the granular layer. In contrast to the prevailing notion that classical FFI enforces precise spike timing in granule cells (6, 14) , our findings show that Golgi-cell-mediated inhibition can reduce the temporal precision of early granule cell responses to sensory stimulation, in favor of enhancing sensory response reproducibility across granule cells. Thus, sensory stimuli engage preceding Golgi cell activity, which, by acting through both phasic and spillover inhibition, appears to provide a simple thresholding mechanism to regulate the magnitude and uniformity of sensory responses across granule cells.
Phasic and Spillover Inhibition in Granule Cells In Vivo. Our findings provide, to our knowledge, the first direct characterization of the temporal dynamics of sensory-evoked inhibition in granule cells in Crus II. We demonstrate that brief sensory stimuli evoke short, high-frequency bursts of phasic IPSCs, which are superimposed on a slow sustained outward current, consistent with synchronous direct and spillover input from multiple Golgi cells (6, 21, 26, 28, 29, (43) (44) (45) (46) . Although fast stimulus-locked inhibition of granule cells has thus far been difficult to detect in vivo (37), our voltage-clamp recordings revealed sensory-evoked phasic and spillover inhibition in all granule cells, consistent with the view that Golgi cell axons strongly influence many hundreds of granule cells across the granular layer (15, 47) . Moreover, the prevalence of slow, spillovermediated IPSCs in granule cells suggests that indirect spillover activation of GABA A receptors is a major form of Golgi-cell signaling during sensory stimulation (21, 37, 48, 49) . Differences in the number of direct and indirect synaptic inputs in each glomerulus will determine the relative contribution of fast and slow IPSCs during sensory activation (21, 30, 49) . By recording sensory-evoked excitatory and inhibitory synaptic input in the same cell, we show that sensory-evoked Golgi-cell inhibition scales proportionally with the level of mossy fiber excitatory synaptic input. This finding provides experimental verification of longstanding theories of cerebellar function, which propose that there should be a dynamic component to Golgi-cell inhibition, providing strong inhibition when many mossy fibers are activated and weaker inhibition upon sparse activation of mossy fibers (50, 51) . This form of "gain control" regulates the magnitude and saliency of granule cell responses during the onset of sensory stimulation. The fact that we only observed fastphasic IPSCs during the onset of sensory stimulation is consistent with the view that Golgi cells provide information regarding stimulus onset and that they only weakly follow rate-modulated mossy fiber synaptic input during sustained stimulation (6, 28, 29, 42) .
Reversed Excitation-Inhibition Sequence with Sensory Stimulation.
The synaptic properties of a classical feed-forward inhibitory circuit are predicted to deliver a rapid inhibitory conductance immediately after sensory-evoked excitation that narrows the window for temporal summation of discrete mossy fiber inputs, thus increasing granule cell spike precision (6, 14) . This view forms the basis for many theories of timing in the cerebellar cortex and has been implemented in a variety of cerebellar models (for review, see ref. 7). Our findings challenge this view by demonstrating that the majority of cerebellar granule cells in Crus II receive sensory-evoked Golgi-cell inhibition before the onset of mossy fiber excitation. Previous studies have shown that peripheral tactile stimulation of the perioral surface and upper lip area in rodents generates coincident activation of direct-via the trigeminal nucleus-and indirect-via a thalamocortico-pontine pathway-input to Crus II of the cerebrocerebellum. Moreover, simultaneous cortical and cerebellar recordings have demonstrated that longer-latency cerebellar inputs reflect cortical output from primary somatosensory cortex (S1) that project to the contralateral cerebellar hemisphere Crus II via the pons (35, 36, 52, 53) . Given that recruitment of these two distinct mossy fiber input pathways by the same sensory stimulus can generate precise, short-latency (∼7-10 ms) output from Golgi cells (28, 29) and highly variable, longer-latency (∼15-25 ms) mossy fiber input to the granule cell layer (Fig. 1) (23, 25, 35 ), our data are consistent with Golgi cells receiving direct trigeminal input, with nearby granule cells receiving delayed corticopontine input (35, 36) . Although the most parsimonious explanation of our data is that Golgi-cell inhibition is mediated via parallel feed-forward inhibitory networks, it is also possible that feedback inhibition plays an important role in regulating sensory-evoked granule cell output. Feedback inhibitioninvolving disynaptic excitation of Golgi cells via ascending granule cell axons or parallel fibers-has long been suggested on anatomical grounds (15, 47) , but experimental evidence to support this observation has been difficult to obtain. Given that granule cell-mediated feedback excitation of Golgi cells provides a powerful feedback circuit to control activity in the granular layer (15, 31-34, 54, 55) , it will be important for future studies to identify the extent to which FFI or feedback inhibition contributes to sensory-evoked Golgi cell-mediated inhibition of granule cells in Crus II (Fig. S4) .
In addition to revealing the impact of functional parallel inhibitory pathways, our recordings provide direct evidence for the recruitment of classical FFI in granule cells in vivo, where the same mossy fibers exciting a granule cell also provide disynaptic short-latency inhibition to that granule cell via Golgi-cell activation. This feed-forward inhibitory circuit has been suggested on anatomical grounds (15) , with in vitro studies demonstrating that disynaptic FFI from Golgi cells can influence the latency and precision of granule-cell responses to mossy fiber stimulation (6, 14, 49) . This brief (∼5 ms) "time-windowing" effect enhances spike precision by reducing the window for temporal summation of discrete mossy fiber inputs (3, 7) . However, our experimental results showing the early onset of sensory-evoked inhibition, the low rate of occurrence of biphasic feed-forward events, and the large trial-to-trial variability in the timing of individual sensory-evoked IPSCs indicate that disynaptic FFI-although functionally engaged in the circuit in vivo-may not be the main determinant of sensory information transmission in granule cells in Crus II. Instead, the early onset and extended temporal profile of sensory-evoked A B C D phasic and spillover inhibition suggests that Golgi-cell inhibition provides a simple thresholding mechanism that regulates the amplitude, duration, and reproducibility of sensory responses in granule cells (24, 25, 37) . In contrast to sensory modalities that evoke highfrequency mossy fiber input, mossy fibers encoding information about joint angle, head direction, and velocity are tonically active and display relatively slow modulation of their firing rates (38) (39) (40) . Therefore, it will be of interest to determine the impact of direct and spillover inhibition across a wide range of input modalities and cerebellar regions that display differing rates of mossy fiber activity.
Implications for Sensory Information Processing. Our understanding of the functional role of GABAergic inhibition of granule cells has been constrained by our limited knowledge of the temporal dynamics and varying contributions of phasic and spillover inhibition during sensory stimulation in vivo. The functional characterization of a classical feed-forward inhibitory circuit in the input layer of the cerebellum in vitro (6, 14, 56) led to the assumption that Golgi-cell inhibition plays an important role in regulating both the magnitude and precision of granule cell spike output (6, 14, 18) . However, our findings suggest that the primary function of Golgicell inhibition in Crus II is not to enforce high temporal fidelity of sensory responses in granule cells, but instead to ensure sensory response uniformity across granule cells. Why might enforcing high cell-to-cell response reproducibility be important for sensory information processing in the granular layer? Given the enormous number of granule cells in the cerebellum (57), the plethora of sensory modalities conveyed by mossy fibers (58) , and the high convergence of granule cell axons onto each downstream Purkinje cell (57), it seems necessary that granule cells possess cellular mechanisms that ensure the saliency of important sensory information. The presence of high trial-to-trial and cell-to-cell variability in granule cell sensory responses could introduce a significant level of noise in the mossy fiber-granule cell-parallel fiber pathway, making signal decoding more complex at the level of the Purkinje cell (59) . In this regard, we have previously shown that a persistent, tonic GABAergic conductance enhances the ability of granule cells to discriminate sensory-evoked responses from ongoing network activity, where reducing or enhancing tonic inhibition can significantly lower the signal-to-noise ratio for sensory information transmission (23) . Our present findings suggest that sensory-evoked phasic and spillover Golgi-cell inhibition provide an additional dynamic regulatory mechanism that scales with the level of mossy fiber excitation controlling the power, duration, and saliency of sensory information as it propagates through the input layer of the cerebellar cortex. Incorporating these findings into existing cerebellar models should provide important insights into how cerebellar microcircuits encode sensory information.
Materials and Methods
In vivo patch-clamp recordings were made from granule cells in Crus II of the cerebellar cortex of 18-to 24-d-old Sprague-Dawley rats anesthetized with a ketamine/xylazine mixture as described (23, 25) . Sensory responses were evoked by a brief air puff delivered to the ipsilateral whiskers or perioral surface. 
